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 Nanoscale particles of zero valent iron stabilized with carboxymethylcellulose (CMC-
nZVI) have been shown to degrade chlorinated hydrocarbons efficiently in bench-scale 
investigations.  The remediation of contaminated sites by subsurface injection of stabilized nZVI 
in a slurry form has been investigated at pilot scale and field scale with conflicting results 
concerning transport of stabilized nZVI and its long-term stability for in situ degradation of 
chlorinated hydrocarbons.  Changes in the hydraulic conductivity in porous media have also been 
reported following injection of stabilized nZVI slurry in both large tank experiments and in field 
studies. 
 This study investigated the leaching behavior of CMC-nZVI post-emplacement at a 
variety of CMC concentrations (1 g/L, 2 g/L, 4 g/L, and 8 g/L) in a sand-filled flow-through 
reactor (30 cm long x 5 cm diameter).  The goal was to identify changes in total iron mass eluted 
and changes to the hydraulic properties of the column post-emplacement of CMC-nZVI for 
different CMC concentrations.  Experiments were also conducted to determine the amount of 
unreacted CMC-nZVI that would elute the column post-emplacement.   
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  Prior to injection of the CMC-nZVI, tracer breakthough studies were analyzed 
using the Method of Moments to determine velocity, resulting in calculation based 
estimations for pore volume (PV) and porosity.  CXTFIT, a parameter estimation based 
on the physical non-equilibrium convection-dispersion equation, was used to demine 
initial conditions within the column for longitudinal dispersivity, mobile porosity, and the 
rate of mass transfer from mobile to immobile zones.  The CMC-nZVI slurry was 
emplaced by rapid injection into the sand column through the base at a rate of ~120 
mL/min and then flushed with a 10 mM NaCl solution at a velocity of 1 m/d (0.5 
mL/min).   After CMC-nZVI emplacement, the effluent samples exiting the flow-through 
reactor were collected with fraction collector for 15 min sampling period over 48 hours to 
determine total iron mass eluted through application of the zeroth moment.  48 hours 
post-injection, another tracer was applied to identify possible changes in PV and above 
mentioned parameters in CXTFIT.  In a separate experiments, anaerobically sealed vials 
for subsequent analysis using laboratory techniques to quantify the amount of unreacted 
nZVI particles in each sample.   
 Results showed that with an increase in CMC concentration, and increase in total 
iron mass elution resulted.  Under all concentrations of CMC, some iron mass was 
retained within the column.  Losses in PV showed a similar trend, where lower 
concentrations of CMC (<3g/L) resulted in an increase in the loss of pore volume.  
Immediately after emplacement, an increase in the discharge rate of the effluent was 
observed, disallowing any modeling for the flushing of the CMC-nZVI that required 
steady state conditions.  CXTFIT results showed: that a reduction in mobile porosity was 
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seen with all concentrations, some injections resulted in an increase in the mass transfer 
rate suggesting a reduction in size and highly dispersed regions of low, and the lowest 
concentration of CMC resulted in an increase in longitudinal dispersivity.  This may 
suggest that post-emplacement CMC-nZVI particles that are modified with a low 
concentration of CMC may agglomerate, resulting in clogged pore spaces and a reduction 
in transportability.  Reactivity tests results showed that a majority of the iron leaving the 
column was unreacted within 8 hours post-emplacement.  After 8 hours, which was 
slightly beyond 1 PV of flushing, H2 gas bubbles created erratic results. 
vi 
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1.1 Background and Significance. Nano zero valent iron (nZVI) can be used for in situ 
destruction of chlorinated compounds in contaminated aquifers (Lui and Lowry, 2006; He and 
Zhao, 2007; Liu et al., 2007).  This is done by injecting nZVI into a contaminated aquifer, 
resulting in the degradation of contaminants through reductive dechlorination (He and Zhao, 
2010).  In order to be transportable in an aquifer, nZVI particles must be small enough to move 
through pore spaces without becoming attached to aquifer media.   Having a diameter between 20 
and 200 nm, nZVI may move within connected pore spaces of an aquifer (He et al., 2009; 
Raychoudhury et al., 2010 ).  nZVI can become attached to other nZVI particles due to Van der 
Waals and magnetic forces. This is referred to as agglomeration.  As agglomerated particles are 
no longer at the nano scale, nZVI may become too large to pass through pore spaces, thus 
reducing nZVI transport through aquifer media.  Along with agglomeration, transport can be 
reduced if nZVI particle sizes span a broad range. 
The filtration of nZVI by its transport through the porous aquifer media can occur by following 
processes: straining, ripening and blocking (Raychoudhury et al., 2010).  Straining refers to 
particles that become physically stuck within a pore space during transport.  Ripening refers to 
magnetic forces between suspended and deposited particles, causing nZVI to agglomerate during 
transport.  Blocking refers to particles that are large enough that they block the entry to a pore 
space.  Recent studies have investigated that amending nZVI by surface modifiers consisting of 
carboxymethylcellulose (CMC) or other  polyelectrolyte block copolymers can reduce these and 
other transport issues (He and Zhao, 2007; Phenrat, et al., 2010; Saleh et al., 2008; Sirk et al., 
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2009; Raychoudhury et al., 2010; Raychoudhury et al., 2012 etc.).   The surface modifier 
prevents agglomeration of nZVI particles by increasing repulsive forces between 
nanoparticles, and reduces nZVI attachment to porous media by lowering their sticking 
coefficient via a physical barrier or by altering their surface charge (Saleh et al., 2008; 
Sirk et al., 2009; Raychoudhury et al., 2010). 
CMC has been proven to be an effective surface modifier and stabilizer for nZVI (He and 
Zhao, 2007; He et al. 2009).  CMC is a non-toxic, biodegradable food additive, making it 
safe for injection into drinking water aquifers.  CMC amendment during nZVI synthesis, 
CMC can attach to the surface of the nZVI particles right after they nucleate, thereby 
preventing further growth, which may lead to their monodispered form (He and Zhao, 
2007).  CMC generates strong electrosteric forces surrounding nZVI.  This repulsive 
forces is created by the negative charge of the CMC and the physical space the CMC 
occupies, referred to as the extended layer (Sirk et al., 2009).  These repulsive forces 
prevent nZVI from agglomerating, thereby maintaining nZVI’s nanoscale dimensions.  In 
this study, we will refer to nZVI stabilized by CMC as CMC-nZVI. 
One of the benefits of a smaller nZVI particle size is an increase in its specific surface 
area.  Due to its large specific surface area (surface area/unit mass), the nZVI particles 
possess more reactive surface sites, thus increasing the total nZVI reactivity (reaction rate 
constant/specific surface area). The size of the nZVI particles may be manipulated by 
adjusting the CMC/Fe
2+
 molar ratio (He and Zhao, 2007).  At higher concentrations of 
Fe
2+
, less CMC is required during synthesis to obtain a similar size distribution than with 
a lower concentration of Fe
2+
.  By applying CMC of higher molecular weights, such as 
250,000 g/mol, electrosteric forces increased resulting in smaller nZVI particles  
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1.2 Overview of nZVI Transport.  The transport of nZVI has been investigated in small-
scale and flow-through column reactors.  These studies demonstrated the ability of nZVI 
to move through porous media (He et al., 2009; Phenrat et al., 2010; Raychoudhury et al., 
2010).  The transport and retention of nZVI in porous media can be determined through 
analysis of ‘breakthrough curves’ that are graphical representations of dimensionless 
concentration of the column’s effluent as a function of dimensionless time.  Typically, 
the effluent from the column reactor is collected periodically in known volumetric 
amounts.  Effluent sample concentration, C, is then compared to the influent 
concentration that was injected into the reactor, C0.  The ratio, C/C0, is a dimensionless 
concentration.  These data are then plotted against dimensionless time to generate the 
breakthrough curve.  Dimensionless time is measured in terms of pore volumes (PV) 
delivered.  The 1-D convection-dispersion equation (CDE) can be fitted to collected C/C0 
and PV data to determine multiple transport parameters.  CXTFIT (Toride, 1995) has 
been used to determine the retardation (R), the dispersion coefficient (D), and also to 
simulate breakthrough and elution curves of tracers and CMC-nZVI based on the CDE 
(He et al., 2010).  The nZVI mass that elutes from the column reactor can be calculated 
by integrating the breakthrough curve.  By comparing the mass eluting the reactor with 
the mass injected into the reactor permits calculation of the transport effectiveness and 
nZVI retention in the reactor.  Recent studies (He et al., 2009, Raychoudhury et al., 2010) 
have examined various factors that can affect nZVI transport by analyzing breakthrough 
curves, which included  the grain size of media, the type of porous media, the velocity of 
nZVI injection and flushing, the ionic strength of flushing solutions (monovalent or 
divalent solutions), and the concentration of nZVI injected. 
The size of the pores and the porous material itself can affect nZVI transport. Increasing 
shear forces within pore spaces can aid in nZVI transport through a reduction in 
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agglomeration by forcing agglomerated nZVI apart and reducing attachment to media. 
Porous media of smaller grain sizes tend to result in smaller pore spaces, which promote 
shear forces within pores, thus reducing agglomeration and attachment to media (Phenrat 
et al., 2010).  The transport of nZVI through larger pore spaces may increase the chance 
of particle agglomeration.  By increasing pore velocity, the shear forces within the pore 
spaces can increase, and can break apart agglomerated particles.  In a recent sand column 
investigation, when pore velocity was increased by a factor of 2, C/C0 maximum 
increased from 0.88 to 0.99 (He et al., 2009).  In another sand column investigation, a 
maximum of C/C0 of 0.80 was achieved at 0.02 cm/min pore-velocity after 4 PV, 
compared to 0.2 and 1 cm/min pore-velocity where full breakthrough was achieved 
(Raychoudhury et al., 2010).  To summarize, nZVI particle agglomeration increased with 
larger the pore spaces resulting in reduced nZVI transport, and transport was more 
effective at faster the pore water velocity. 
Recent laboratory investigations used glass beads to represent porous media because the 
beads are inert and uniform in size (He et al., 2009, Lin et al., 2010).  However, such 
results may be less relevant because glass beads do not represent a realistic aquifer 
environment.  Glass beads tend to elute nearly 100% of the nZVI injected, while natural 
soils show retention of nZVI due to the presence of oxides and organic matter (He et al., 
2009).  In column investigations with a sandy loam, where the organic content was 
removed, for a constant concentration of nZVI injected, in one experimental run C/C0 of 
0.69 was obtained in the effluent; at comparable flows, the maximum C/C0 reported for 
nZVI was 0.88 for sand packed column, but C/C0 was 0.99 for column packed with glass 
beads (He et al., 2009).   
The ionic strength of the injected fluid can affect the surface charge of the aquifer solids, 
which in turn can affect interactions of nZVI with aquifer solids and its mobility in 
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porous media.  Increasing the ionic strength of the fluid can also reduce nZVI mobility 
through compaction of the extended layer of the surface modifier (polyelectrolyte), 
resulting in an increase in the attachment of nanoparticles to aquifer solids (Phenrat et al., 
2010).  When comparing the effect of monovalent and divalent ions in the injected fluid, 
Ca
2+
 has been shown to cause a ‘bridging effect’ between particles, thereby reducing 
nZVI transport (He et al., 2009). Ca
2+
 ions can reduce nZVI transport five times more 
than Na
+
 ions in solution of the same concentration, suggesting that divalent cations in 
solution has greater influence on reducing nZVI transport than an increase in ionic 
strength.  However, the effect of Ca
2+
 ions on nZVI transport can be reduced if it is 
present during synthesis of nZVI slurry (Phenrat et al., 2010).  An increase in the tailing 
of CMC-nZVI breakthough curves was observed with an increase in Ca
2+
 ion, which 
facilitated detachment of entrapped CMC-nZVI (Lin et al., 2010). 
Another factor that can affect transport and retention of nZVI in porous media is the 
concentration of injected nZVI (Raychoudhury et al., 2010).  Increasing nZVI 
concentration may result in an increase in the magnetic attraction between nZVI particles. 
At higher nZVI concentrations there are more nZVI particles per unit volume and 
therefore increased agglomeration and reduced transport.  At 0.1 g/L CMC-nZVI 
influent, effluent concentrations equaled influent concentrations after 2 pore volumes; at 
higher concentrations of nZVI effluent concentrations equaled influent concentrations 
after the delivery of 4 pore volumes of slurry (Raychoudhury et al., 2010), indicating that 
at the higher influent concentration, there was significantly more nZVI retention in the 
porous media. 
1.3 nZVI reactivity overview. Reactivity and lifespan of nZVI manufactured by Toda 
(Japan), referred to in literature as reactive nano-scale iron particles or RNIP, was 
measured by hydrogen gas (H2) evolution (Lui and Lowry, 2006; Liu et al., 2007). As 
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zero valent iron (Fe
0




 is oxidized into Fe
2+
 and H2 is 
produced (Lui and Lowry, 2006; Liu et al.,2007; Phenrat et al., 2010): 
                  [1] 
 At a given pH, H2 evolution could be described by pseudo-first order kinetics, 
with the rate constant increasing as pH decreased; lower pH levels produced H2 at higher 
rates (Lui and Lowry, 2006).  Basic conditions were shown to slow down the oxidation of 
Fe
0
; at pH 6.5 to 8.0, H2 production rate increased with a decreasing pH (Lui and Lowry, 
2006).  H2 produced from Fe
0
 oxidation by H
+
 was also proportional to the initial Fe
0
 
content of the RNIP, the Fe
0
 content must be greater than 5% by weight to maintain 
reactivity (Lui and Lowry, 2006); H2 production would stop due to the accumulation of 
an iron oxide coating on RNIP.  Dissolved O2, common groundwater oxyanions (e.g., 
nitrate), specific CHCs, and H
+
 are oxidants that will compete for reactive sites on Fe
0
 
particles at varying rates (Liu et al., 2007).  However, in an ideal system with pure water 
only H
+
 is available as oxidant, and the reactivity and lifespan of Fe
0 
can be directly 
correlated to H2 production. 
1.4 Statement of the problem. The effectiveness of nZVI injection for site remediation is 
not fully understood. There is limited information concerning the mobility of CMC-nZVI 
and reactive lifespan after injection into contaminated subsurface in respect to realistic 
aquifer conditions.  In regards to field applications, some immediate degradation of 
chlorinated compounds has been observed, along with initial mobilization of contaminant 
and long term degradation observed 500 days post injection. It is unclear whether this 
long term degradation was a function of the nZVI or a result of biodegradation.  It is 
speculated that the injection slurry, which has carbon donor in the form of CMC, as well 
as electrons from evolved H2, may serve to stimulate microbial growth (He and Zhao, 
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2010).  nZVI was observed to travel on the meter scale, but transport was measured 
through total iron analysis, which does not account for reactive nZVI, so that even if 
nZVI particles were present, they may not have been reactive (He and Zhao, 2010).   
 There is also considerable knowledge gap concerning nZVI overall reactivity in 
transport.  The majority of column studies have been done at injection velocities, 0.48 to 
to 3.3 cm/min (Phenrat et al., 2010), but such higher velocity systems do not reflective of 
groundwater velocities which would affect nZVI leaching.    H2 evolution has been 
associated with reactivity of nZVI, and the production of H2 has been examined in small-
batch bottle experiments only (Lui and Lowry, 2006; Liu et al. 2007); the reactivity of 
nZVI based on H2 production has not been studied in field relevant conditions.  
Decreases in aquifer permeability were reported after nZVI injection in the field (He and 
Zhao, 2010) and large tank experiments (Johnson et al., 2010), but these changes have 
not been the focus of research.  The interaction between nZVI and water may generate H2 
bubbles, which could result in the blocking of pore spaces leading to a more tortuous 
flow path.  The reduction in porosity could also be due to blocked flow pathways from 
agglomeration of nZVI or retention of nZVI within pore spaces.  1-D CDE could be 
applied to determine possible changes in hydraulic characteristics due to bubble and mass 
entrapment.  These changes can be modeled with CXTFIT by applying the breakthrough 
curve data to fit parameters such as: dispersivity, mobile porosity, and the mass transfer 
coefficient.  Dispersivity describes the extent of longitudinal spreading that may occur 
during transport [L
-1
].  Mobile porosity is the ratio of porosity that has flow compared 
against total porosity [D].  The mass transfer coefficient describes the diffusivity of mass 
from zone of low or now flow [D] (Toride et al., 1995). 
 nZVI reactivity has also been measured directly through degradation of 
chlorinated compounds in batch experiments (Liu et al., 2007).  Few experiments of 
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chlorinated hydrocarbon degradation with nZVI were completed in flow-through column 
systems.  In a column study involving the placement of a dense non-aqueous phase liquid 
(DNAPL) into porous media, reactivity and degradation results were difficult to obtain 
due to movement of the DNAPL, during both column flushing and injection of nZVI 
(Taghavy et al., 2010). 
 In both the regulatory sector and private industry, the release of nZVI in the 
environment is a major concern and source of debate.  The U.S. Environmental 
Protection Agency has expressed concerns regarding the fate and transport of nZVI, and 
is currently investigating what regulatory standards should be in place for nano-particles.  
Major concerns are bioaccumulation and the effects on microbial communities (EPA, 
2008).  Initial studies on toxicity of nZVI showed that site microbial communities 
changed immediately after injection, but recovered to pre-injection levels after nZVI had 
oxidized (Kirschling et al., 2009).  When nZVI was modified with 10 mg/L Natural 
Organic Matter (NOM) and then exposed to E. coli and B. subtilis at 1 g/L nZVI 
concentration , the survival rates between the experimental and control groups of E. coli 
and B. subtilis were the nearly the same (Chen et al., 2011). However, these results are 
still incomplete because the properties of nZVI change with the addition of surface 
modifiers, and possibly the type of surface modifier used. If the effects of toxicity of 
nZVI may be changed by a surface modifier, concerns of environmental risk could be 
addressed by adjusting a surface modifier to aid in controlling transport. 
1.5 Motivation for the study. The purpose of this investigation was to measure how 
emplaced CMC-nZVI leached, and how long it remained reactive, under idealized aquifer 
conditions.  The objective was to observe how much CMC-nZVI can elute from the 
column at a realistic groundwater velocity of 1 m/d, and to quantify how much of the 
eluted CMC-nZVI remained reactive.  As discussed above, while nZVI transport into a 
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porous media has been studied, post-emplacement leaching behavior is not well-
understood. 
  Another motivation of the study was to observe and quantify the effects of 
emplacing CMC-nZVI on the hydraulic properties of the porous medium.  The effects of 
nZVI retention and of  H2 production may change the available flow paths within the 
porous material, and may reduce porosity.  Therefore, the objective of this study is to 
characterize the hydraulic characteristics of the aquifer material pre and post-
emplacement of CMC-nZVI.  The experiments were designed to determine if CMC-nZVI 
might be mobile post-emplacement, and if this mobility may be controlled by altering the 
concentration of the surface modifier.  Results from experimental results may reduce 
concerns of persistence through mobility of nZVI within the environment. 
1.6 Objectives.  The key research objectives of the investigation were the following:  
 Quantify post-emplacement CMC-nZVI retention and leaching behaviors at 
realistic groundwater velocities. 
 Measure changes in porous media properties pre-injection and post-
emplacement.  Quantify changes in parameters such as dispersivity, total 
porosity, mobile porosity, and mass transfer rate between mobile and immobile 
zones. 
 Observe the effects that different concentrations of CMC have on CMC-nZVI 
retention and leaching behaviors, and porous media properties.  
 Identify the fraction of reactive CMC-nZVI that is within the total iron eluted 




II. MATERIALS AND METHODS 
2.1 Column reactor.  This consisted of class A borosilicate glass tube, 30 cm in length 
with an internal diameter or ID of 4.5 cm, and an internal volume of ~540 mL (Kimble-
Chase).  The end fittings were non-reactive polytetrafluoroethylene (PTFE) material; bed 
supports were removed to reduce nZVI entrapment flowing through the reactor.  The 
porous media selected for the reactor was 20-30 Ottawa sand (Fisher Scientific).  Prior to 
packing, gas bubbles were pushed out of the tubing connecting the reactor with the 
reservoir; the peristaltic pump were used to flush the bubbles out of the line by filling the 
bottom two inches of the reactor with the background solution (10 mM NaCl).  Sand was 
added into the reactor containing background solution for wet packing, delivered 
approximately 2 inches of sand at a time under 3 inches of background solution.  The 
sand was packed with a glass rod, to ensure replicable conditions between experiments.  
The wet packing method allowed a decrease in entrapment of air bubbles in the sand 
media.  Ottawa sand used in the present investigation was not acid washed and it may 
contain trace amounts of clay and iron oxides, reflecting natural conditions. 
 At the beginning of experiment, the column was flushed with deoxygenated and 
degassed background solution for 2 PV (approx. 480 mL) at the injection velocity for 5 
mins (125 mL/min).  This was done to accomplish a uniform surface charge throughout 
the sandy matrix in the reactor, and to also flush out any dissolved oxygen remaining in 
the column after packing.  The concentration of the background solution was chosen to 
reflect the ionic strength of natural waters.  The 10 mM NaCl solution also simplified the 
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system by reducing experimental variables from effects of divalent ions or the 
competition for reactive sites that may occur with dissolved anions or gases.  All reagent 
solutions used in the experiments were deoxygenated by bubbling vigorously with N2 gas 
for at least 20 minutes.  The background solution was stored in a 19-L Pyrex reservoir for 
the duration of the experiment and was deoxygenated by bubbling vigorously with N2 
gas.  Following this, the background solution was degassed by placing the reservoir under 
vacuum for 40 minutes after purging with N2 gas.  In order to reduce O2 contamination of 
the reservoir during the experiment, it was kept under a positive N2 pressure.  A 
maximum of 12 L of background solution was kept in the reservoir, and the reservoir was 
replenished once 4 L of solution remained.  1 L of background solution was consumed 
for every 4 PV delivered to the column (1 PV=220 mL), which occurred over a 28 hour 
period at 0.5 mL/min. The flow rate was based on the desired velocity (1 m/d) and the 
calculated porosity and cross-sectional area of the reactor. 
2.2 Tubing, valves, and adaptors.  The Teflon tubing connecting the reservoirs to the 
column and the diaphragm pump to the columns had 
 
 




diameter (OD), with a 
 
  
 in wall.  The tubing for the peristaltic pump was PFTE, 2mm ID 




 in ID male luer to barb in both polycarbonate and polypropylene (Cole-
Parmer), and PTFE 3-way stopcock with 
 
 
 in OD port connectors (Plasmatech).  The 
tubing for the N2 gas line is 
 
 
 in OD Tygon (Norton).  All fittings for ports and adaptors 
consisted of PTFE when available to reduce interference during injection of CMC-nZVI.  
Flexible PVC (Nalgene) tubing was used when required, mostly for connecting the 
fraction collector to the column effluent and for connecting the peristaltic pump tubing to 
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the reservoir.  Figure 1 shows a simple diagram of the experimental set up and direction 
of follow. 
2.3 nZVI Synthesis.  The synthesis of nZVI was accomplished through borohydride 
reduction method, in which deoxygenated aqueous solution of ferrous sulfate 
heptahydrate (FeSO4⦁7H2O) was reacted with sodium borohydried (NaBH4) in an 
anaerobic chamber at room temperature (20-22 ºC).  The method for synthesis was 
similar to a method previously used (McPherson, 2012).  Experiments were performed 
with 0.2 g/L of nZVI modified with 8, 4, 2, and 1 g/L of CMC.  1 mM Br
-
 solution was 
added to the CMC-nZVI slurry as an inert tracer in order to ensure the saturation of the 
column, which was diluted to 0.5 mM solution through the addition of other components 
of the CMC-nZVI slurry.  Table 1 shows the volume of CMC stock solution and 10 mM 
Cl
-
 solution added to achieve the desired CMC concentration.  8 g/L CMC required an 
increased concentration of Br
-
 solution, and was not diluted with any Cl
-
 solution, and 
was not included in the table.  The increase in the volume for the stock solution of 38.4 
mL of 20 g/L CMC generated 8 g/L CMC, and the change in the tracer solutions 
concentration was 1.72 mM Br
-
 and  8.28 mM Cl
- 
 which generating 0.48 mM Br
-
 and  
2.3 mM Cl
-
 as the final concentration in the slurry.  All other final concentrations of 
solutions, which were held constant between experiments, can be seen in table 2. 
 CMC-nZVI was synthesized in the anaerobic chamber starting with 3.44 mL of 
100 mM FeSO4⦁7H2O deoxygenated solution in a 160 mL serum bottles, followed by 
adding variable volumes of CMC stock solution to achieve its desired final concentration 
(per table above) and 25 mL of salt solution (1 mM Br
-
 and 9 mM Cl
-
).  The bottle was 
swirled gently 3 times for 5 seconds each at 15 sec intervals and then Fe
2+
 was allowed to 
complex with CMC solution for 15 minutes without mixing.  After 15 minutes, 2.1 mL of 
500 mM NaBH4 solution was added to the CMC-Fe
2+







.  A 1:3 stoichiometric ratio of Fe to NaBH4 was used to reduce Fe
2+
 to nZVI 
particles.  This was followed by adding 25 mL of deoxygenated 30 mM TAPSO buffer to 
achieve initial pH of 7.  Further, 21.26 mL of the deoxygenated salt solution (1 mM Br
 
and 9 mM Cl
-
), along with the required volume of 10 mM Cl
-
 solution (per pervious 
table), were delivered to each bottle to dilute the CMC-nZVI slurry to the desired 
concentration.  This resulted in a total volume of 96 mL (final concentrations seen in 
table 2).  By using both the 1 mM Br
 
and 9 mM Cl
-
 and the10 mM Cl
-
 salt solutions to 
maintain a total ionic strength of 10 mM, the ionic strength of the tracer possibly did not 
affect the transport of CMC-nZVI and instead reflected the ionic strength of the 
background solution. 
 Four batches of nZVI preparation (as described above) were combined into a 1-L 
glass bottle (Pyrex) with modified cap, referred to as the nZVI reservoir, for injection.  
The approach of combining 4 small nZVI batches was chosen because of the vigorous 
bubbling observed during mixing of NaBH4 to the CMC-Fe
2+
 solution for synthesizing at 
0.2 g/L nZVI.  The modified cap had a line for the injection of the nZVI-CMC slurry, a 
line for N2 gas to generate a positive pressure oxygen free atmosphere, and a vent line 
allowing for the escape of N2.  N2 gas was delivered to the nZVI reservoir at 20 psi. 
2.4 Experimental Design.  A 19 L Pyrex reservoir containing background solution (10 
mM NaCl) used to initially saturate and then to flush the column post injection.  The 
reservoir was deoxygenated, degassed, and kept under a positive nitrogen atmosphere as 
previously described.  This created anaerobic conditions within the column.  The column 
was flushed with 10 mM background solution for 2 PV prior to tracer studies and CMC-
nZVI injection, ensuring a uniform charge throughout the column.  After packing, the 
sand-filled column reactor was clamped in vertical position to a metal stand.  Flow 
through the column was in the upward direction.  For experimental tracers and runs, the 
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background solution was pumped up through the base of the reactor with a Masterflex 
peristaltic pump (Cole-Parmer), through PTFE tubing (4 mm OD and 2 mm ID), at a flow 
rate of ~0.5 mL/min.  The flow rate was based on the desired velocity (1 m/d) and the 
calculated porosity and cross-sectional area of the reactor. 
2.5 Tracer studies.  After priming the column for 1 m/day flow rate, breakthough curves 
for the initial conditions of the column was characterized through two separate tracer 
studies.  The first tracer injection was a 1-hr pulse of 0.5 mM bromide at the groundwater 
velocity (0.5 mL/min), while the second tracer injection was by saturating the column at 
injection velocity (~125 mL/min), followed by flushing the column at groundwater 
velocity.  The pulse tracer study was repeated 48 hours after CMC-nZVI emplacement, 
and was then compared with the pre-emplacement pulse tracer in order to characterize 
changes in hydraulic properties of the reactor.  For all tracers, a sample of the injectate 
was saved to measure initial concentration, C0.  The tracers applied pre-emplacement of 
CMC-nZVI were used to identify the amount of PV in mL, and then the post-
emplacement tracer was used to determine changes in PV that occurred from the 
emplacement of CMC-nZVI.  
 A handheld conductivity meter (model 220, Denver Instruments) with an Ion 
Selective Electrode was used to determine the concentration of Br
-
 within each sample.  
For each tracer studies, samples were collected for 16 hours over 15 min sampling 
intervals through use of a fraction collector to generate data used for breakthrough curve 
analysis  A 20% maximum error was identified in the Br
-
 probe measurements, and may 
have cause an artificial reading of Br
-
 values when no tracer was present (identified by 
Jessica Clemmons).  The error in electrode readings was found to be significant in 
samples below 5 mg/L bromide, where the solution measured would have been the 
background solution On average 3 mg/L was found to be the lowest value identified by 
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the probe.  Values of measurements were adjusted accordingly by subtracting 3 mg/L 
from samples collected.  This resulted in a shifting of breakthrough curve to reach a 0 
mg/L value after the subtraction. 
2.5.1 Pulse Tracer Study: The pulse tracer was applied by attaching a 60 mL 
polypropylene syringe containing 50 mL of the tracer solution (0.5 mM Br
-
 and 9.5 mM 
Cl
-
), to a three-way stopcock in-line with the tubing and positioned between the reservoir 
containing background solution and the peristaltic pump (operated at 6-8 RMP; flow-rate: 
0.5 mL/min).  The tracer solution was prepared in advance in a glove-box by mixing 1 
mM Br
-
 and 9 mM Cl
-
 premix solution and a 10 mM Cl
- 
solution in a 1:1 ratio.  After 
attaching the syringe to the 3-way stopcock, the flow from the reservoir was closed that 
allowed tracer solution to be pumped from the syringe into the reactor in 1 hr.  After 
delivery of the tracer solution, the flow from the reservoir (background solution) to the 
reactor was reopened, and flushed for 16 hours during sample collection. 
2.5.2 Flushing Tracer Study: Following the initial pulse tracer, a second tracer (250 mL 
of 0.5 mM NaBr and 9.5 mM NaCl mix) was introduced into the column at injection 
velocity (125 mL/min) and then flushed at the groundwater velocity (0.069 cm/min), 
referred as the flushing tracer.  The flushing tracer was used to identify the PV in mL 
through modeling the breakthrough curve data.  The delivery of the flushing tracer 
solution contained in a glass reservoir (Pyrex 1 L media bottle) with cap into the reactor 
was done with the diaphragm pump at 70 RPM (125 mL/min).  The tracer solution was 
prepared in the glovebox to ensure it was anaerobic.  During injection, the reservoir was 
placed in a positive N2 atmosphere to mimic the conditions of injection of the CMC-
nZVI.  The internal fluid volume of the diaphragm pump and tubing leading to the 
column was ~20 mL, and the reactor pore volume was ~220 mL.  Therefore, 250 mL of 
flushing tracer were injected into the reactor to ensure replacement of 1 PV fluid.  The 
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discharge from the reactor was collected from the effluent line during tracer injection to 
ensure delivery of 250 mL.  Collected samples were analyzed with the Br- probe, and its 
C/C0 values versus collection time were tabulated in MS Excel.  PV based on 
breakthrough curve data and calculations of the zeroth moment for both tracers prior to 
emplacement of nZVI were compared to one another, which is described in the section 
explaining the analysis of breakthrough curves.  This was done to determine an average 
PV of the column.  Examples of breakthrough curves are shown in figure 2. 
2.6 Emplacement of CMC-nZVI.  A 250 mL CMC-nZVI slurry was injected into the 
sand reactor to ensure displacement of 1 pore volume (recall pore volume estimate is 220 
mL).  A 1 L-Pyrex glass media bottle with the modified cap containing 3 ports (N2 supply 
line with a 3 way stopcock, injection line with a 3 way stopcock, and a vent line), was 
used for the CMC-nZVI reservoir. CMC-nZVI slurry was synthesized in a glove box with 
a N2 atmosphere, using methods previously described.  The CMC-nZVI reservoir was 
prepared in the glove-box to minimize oxidation of the CMC-nZVI particles prior to 
injection.  All ports of the CMC-nZVI reservoir were closed to eliminate O2 
contamination during its transfer from the glovebox to the column set-up.  The CMC-
nZVI reservoir was placed in a sonication bath during injection to prevent CMC-nZVI 
particles from agglomerating or settling.  A Masterflex diaphragm pump was used for 
injecting 250 mL CMC-nZVI slurry, at a pumping rate of ~125 mL/min that took ~2 min.  
Following the emplacement, the background solution (10 mM chloride) was pumped 
through the reactor for 2 days at given groundwater velocity, simulating groundwater 
flow at 1 m/d.  A two-way stopcock separated the injection line for CMC-nZVI and the 
line for flushing the column.  Prior to injecting CMC-nZVI slurry or the purse tracer, the 
injection line was flushed with the background solution; the line was flushed again with 
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the background solution to clean the line before and after all emplacements of tracers or 
CMC-nZVI slurry. 
2.7 Sample collection. The mass of total iron eluting the column reactor in each CMC-
nZVI experiment was quantified from the samples collected by a fraction collector at 15 
min interval drop-wise into 15 mL centrifuge vials for 24 hours.  In order to quantify total 
iron in the samples exiting the column reactor and to ensure full emplacement into the 
column (based on the Br
-
 tracer within the CMC-nZVI slurry) alternate sample tubes 
were acidified with 450 uL of 6 N HCl.  Since the ion selective Br
-
 electrode cannot 
operate in solutions at pH below 2, the other half of centrifuge tubes were not acidified so 
that the Br
- 
tracer mixed in with the CMC-nZVI slurry could be measured.  The acidified 
tubes and plain centrifuge tubes were placed alternately in the fraction collector, and each 
tube was weighed before and after sample collection.  Total sample volume collected was 
determined by change in weight of the sample tubes assuming the density of effluent was 
1 g/mL.  The fraction collector collected samples continuously over a 24-hr period, 
resulting in 48 acidified samples used for iron analysis and 48 samples used for Br- tracer 
analysis. 
 The amount of iron in each sample was calculated by multiplying the volume of 
the collected sample by the concentration of total Fe in the sample (determined by UV-
Vis spectrophotometric analysis).  Once the amount of iron (in mmoles) of each sample 
was determined, a zeroth moment was calculated to obtain total iron mass eluted.   Mass 
of total iron eluting the reactor was calculated using the zeroth moment of the total Fe 
breakthrough curve (equation 2).  This was accomplished from the measured iron 
concentration of the acidified samples (mg/L) for Ci,j and the total volume delivered over 
time was used for ti,j .  Total mass eluted was then determined by plotting iron amount 
normalized by the total volume of the samples on the y-axis against the total mL of 
18 
 
samples collected through the 24 hrs on the x axis, and calculating the integral of the 
curve via the trapezoidal method, shown in Figure 3. 
 For reactivity analysis, sample collection was done under anaerobic conditions so 
that the fraction of total iron still as nZVI eluting the column reactor can be quantified.  
This was done by collecting 2-3 mL of samples drop-wise for 6 min in anaerobically 
sealed 15 mL glass serum bottles (assembled in glove-box with 150 µL of 6 N HCl, 
which presumably converted all unreacted nZVI to Fe
2+
).  H2 produced from nZVI 
reaction with HCl was equivalent to nZVI.  All 15 mL bottles that were used for 
sampling were acid-washed to minimize iron contamination from prior use.  The bottles 
were weighed before and after collection to determine sample volume, and were labeled 
in order of collection. 
 Not all H2 within these sample bottles was produced from this reaction.  While 
some H2 was produced in situ in the column by reaction of CMC-nZVI with water, there 
was also a background level of H2 in the vials because they were assembled in the 
glovebox.  Another set of 15 mL bottles which were not acidified was used to obtain 
background values of H2.  Sampling occurred every 15 min, alternating between acidified 
and not acidified bottles to mimic the sampling approach used for mass elution.  These 
samples were correlated to their collection time to identify the lifespan of reactive 
particles eluting the column at a given groundwater velocity. 
  To reduce pressure build-up within the vials during collection, 3 mL of 
atmosphere was removed from the bottle prior to collection.  Samples were collected 
through a needle connected to the effluent line that is controlled with a one-way 
polycarbonate stopcock (sampling needle).  The effluent line’s flow was redirected with 
another one-way stopcock placed down-flow from the sampling needle to ensure that a 
19 
 
vacuum did not form in the line when samples were taken.  A check valve was also 
placed down-flow of both the stopcock and the sampling needle to further reduce the risk 
of backflow.  Samples were collected by shutting off the flow of effluent with the 
stopcock on the line, inserting the sampling needle into the septa capped vial, inserting 
another syringe and removing 3 mL of gas, and then opening the sampling needle.  The 
samples were collected drop wise into sealed vials for 6 min during each 15 min interval.  
Each sample was vortexed for 30 seconds, and analyzed for H2 by gas chromatography 
(Hewlett-Packard 5890 Series Gas Chromatograph). 
2.8 Sample analysis. Iron concentration was determined using the phenanthroline method 





.  The phenanthroline method used for total iron analysis 
required following reagents:  1 mL of acetate buffer (Ricca Chemical), 0.5 mL of 1,10 
phenanthroline solution (1% concentration), 0.5 mL hydroxylamine solution (10%), and 
1 mL of sample.  For Fe
2+
 determination, the phenanthroline solution is used at 1 mL, and 
the hydroxylamine solution is not used.  The phenanthroline method has a maximum 
detection limit of 40 mg/L, and the samples containing iron over 40 mg/L were diluted.  
The samples with reagents were vortexed and allowed to complex for 15 minutes before 
measuring the absorbance by the UV-Vis spectrophotometer at λ = 508.  The 
phenanthroline method was found to be skewed by the presence of Br
-
 in the effluent, as 
shown in figure 4.  This was adjusted by adding Br
-
 to the calibration curve stock solution 
at a concentration of 50 mg/L, resulting in serial dilutions of the Br- concentration via the 
calibration curve mimicking what would be seen in post-emplacement elution.  All 
containers used for iron analysis were acid washed prior to use.  If any nZVI was present 
in the effluent samples, it was converted to Fe
2+
 by acid digestion (equation 1). 
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For the reactivity analysis, each sample was vortexed for 30 seconds, and analyzed for H2 
by gas chromatography (Hewlett-Packard 5890 Series Gas Chromatograph).  Following 
GC analysis, samples from acidified vials were used for iron analysis through use of a 
UV-Vis spectrometer to determine total
 
iron. Then content of Fe
0
 was calculated from 
measured H2 stoichiometrically, based on equation 1.  Samples that were acidified and 
not acidified were paired together at 30 min intervals.  This was done by subtracting out 
background H2 values of non-acidified samples from the H2 measured from acidified 
samples to determine the amount of unreacted Fe
0 
that eluted the column. 
2.9 Analysis of Breakthrough Curves.  The breakthough curve data were analyzed to 
calculate the absolute zeroth moment (M0), the absolute first moment (M1), and the 
normalized first moment with respect to dimensionless time (µ1).  This can be used to 
produce an average velocity for the length of time the data were collected. 
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)          [4] 
where ti is the time the i
th
 sample was obtained from the effluent stream (min), Ci is the 
concentration of the i
th
 sample (mg/L), L is the length of the column (cm), v is velocity 
(cm/min), ts is the duration of the tracer pulse (min). 
For the flushing experiment, where the influent concentration is zero, theoretical value of 
µ1 is estimated by the following equation: 
        [5] 
21 
 
A value of the dispersion coefficient was calculated using the normalized second moment 
and the following formula (Pang et al., 2003): 
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where D is the dispersion coefficient, v is velocity (cm/min),    is the length of the pulse 
(min), L is the length of the column,    is the first normalized moment, and    is the 
second normalized moment. 
 Pore water velocity and the estimations for a maximum dispersion coefficient 
were determined from the breakthrough curve moments (Equations 4, 5 and 7).  By 
estimating a maximum for the dispersion coefficient, the modeled value produced by 
CXTFIT for the dispersion coefficient was constrained.  Then CXTFIT was used to 
obtain estimates of dispersion coefficient, mobile porosity, and the dimensionless mass 
transfer constant.  Method of Moments was then used to determine the velocity, total 
porosity, and pore volume calculated in mL via equation 8, as seen below. 
2.10 Hydraulic properties of the columns.  The pore volume of the column was 
calculated using the Br
- 
breakthrough curves generated from tracer studies.  From the 
tracer experiment, it is assumed that one pore volume is equivalent to the time when the 
conservative tracer concentration in the column effluent was 50% of its influent value 
(C/C0=0.5).   
   
  








where PV is Dimensionless time, t is time (min), Q is the volumetric discharge (mL/min), 
v is pore velocity (cm/min), n is porosity (dimensionless), A is the column cross-sectional 
area (cm
2
), and L is the length of the column (cm).   
Then by using equation 8 it was possible to estimate porosity (n) and pore volume based 
on the following: 
 Setting PV=1 
 Obtaining a known value for Q (mL/min) based on sample collecting weight 
divided by the sampling period (15 min) 
 Using the known and calculated values for A (cm2) and L (cm) based on column 
dimensions  
 Applying the calculated velocity (cm/min) from the µ1 to determine time t (min) 
 
There were conflicting results between the porosity estimated from tracer studies and 
porosity measured directly.  In the tracer studies, the porosity of the column was ~0.39, 
while the direct porosity measurement resulted in a value of ~0.35.   The difference may 
be caused by the added volume of tubing to collect effluent or the 20% error in the Br- 
probe used in tracer studies.   For the purposes of this study, the porosity used will be 
derived from tracer studies. 
 In keeping with field relevant conditions, the target pore velocity was 1 m/day 
(0.0694 cm/min).  Flow (Q) values obtained from measuring the column effluent volume 
over time varied slightly from 0.5 to 0.48 mL/min.  Pumping rates were adjusted until the 
Q value that resulted in the target velocity was achieved.  This was done by applying 
Darcy’s law and using equations 9 and 10. 
         [9] 
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where q is the specific discharge (cm/min), K is the hydraulic conductivity (cm/min), h 
is the hydraulic gradient or the change in head over distance (dimensionless), v is pore 
velocity (cm/min), n is porosity (dimensionless), Q is the volumetric discharge (mL/min), 
and A is the column cross-sectional area (cm
2
). 
 Known values where Q, A, and v.  Q was measured as previously describes.  A 
was determined by column dimensions.  v was determined by applying μ1.  K has to be 
measured by experimental means, and hydraulic conductivity studies produced a rough 
estimate.  The K studies were done by attaching tubing to the top and bottom of the 
column which was then connected to a meter stick.  The tubing at the top of the column 
had a T-junction which allowed for collecting effluent, allowing for an estimate of a 
discharge rate (Q).  Tables for the results of the hydraulic conductivity tests are in the 
appendix (table C4).  Table 3 shows results of estimated and calculated parameters. 
2.11 Modeling.  Data for breakthrough curves of Br
-
 tracers were obtained before 
injection and 48 hours after the CMC-nZVI emplacement as previously described.   The 
data that were used for breakthrough curve analysis was C/C0 and the time at which the 
sample collection occurred.   Breakthrough curve data was analyzed using the physical 
non-equilibrium convection-dispersion equation (CDE).  The column may have contained 
immobile zones, where no flow was occurring.  Immobile zones may be increased due to 
the emplacement or reactivity of CMC-nZVI.  The physical non-equilibrium CDE can 
model the mass transfer between mobile and immobile zones as a first order diffusive 
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process (Toride et al., 1995).  The assumptions are the absorption is linear and flow is in 
a steady state. 
      (
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where β  is the fraction of mobile water, R is the retardation factor, C is the concentration, 
T is dimensionless time,   is dimensionless mass transfer coefficient, Z is dimensionless 






























   
   
  
 [22]  
where v is pore velocity (cm/min), t is time (min), L is length of the column (cm), x is 
distance (cm), D is dispersion coefficient (cm
2
/min),   is porosity or the volumetric water 
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content (dimensionless), α is first-order rate coefficient (min
-1
), and the subscripts m and 
im refer to mobile and immobile flow zones.  Because the Br
-
 tracer is inert and no 
absorption will happen, retardation was assumed to be 1.  No values calculations for 
degradation were assigned due to the use of a conservative tracer.   
 Initial conditions for the model applied to the 1 hour pulse breakthough curves 
specify that the concentration was zero within the system: 
              [23a] 
For the flushing breakthrough curve initial conditions specify that there was a constant 
initial concentration: 
            [23b] 
A third type boundary condition was applied at the influent end of the column (x=0) to 
conserve mass balance, and was considered a flux-average concentration: 
            (
         
  
)      [23c] 
A zero concentration gradient boundary condition was applied at the effluent end of the 
column (x=L): 
         
  
   [23d] 
Selected CDE model parameters were estimated by CXTFIT, which resulted in a best fit 
of model output to the data.  By determining the first moment to calculate the average 
velocity, applying a retardation factor of 1, absorption values of 0 for both the mobile and 
immobile zones, and using µ2, as a possible maximum dispersion coefficient, the model 
was constrained.  The parameters to be fitted were dispersivity (D/v=α), the ratio of 
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mobile porosity to total porosity ( ), and the mass transfer coefficient (   for all tracer 
studies.  By comparing the dispersivity between pre and post-emplacement tracer, an 
increase or decrease in longitudinal spreading cause by CMC-nZVI emplacement could 
be identified.  Fe total mass retained and H2 production may affect the mobile porosity.  
Then by comparing the mass transfer coefficient of pre and post CMC-nZVI 





III. RESULTS AND DISCUSSION 
3.1 Velocity, porosity, and pore volume results.  Velocities for groundwater flow 
experiments were measured between 6.04E-2 to 7.51E-2 cm/min for all experiments 
using the methods described in Section 2.9.  These include the 1 hour pulse tracers 
applied prior to emplacement of CMC-nZVI, the emplacement followed by flushing 
tracer studies, and the 1 hour pulse tracers applied 48 hours post-nZVI injection (table 4).   
Concentrations for individual tracer samples were determined by using a selective ion Br
-
 
probe.  Values measured by the Br
-
 probe were reduced by 3 mg/L, in order to achieve 0 
mg/L baseline.  This had a minimal effect on the plot, because 3 mg/L was also 
subtracted from the C0 value.  Examples of pre-emplacement 1 hr pulse trace, pre-
emplacement flushing tracer, and post-emplacement 1 hr pulse tracer can be seen in 
figure 2. 
 To determine if the results were statistically different,  f-test and t-tests were 
applied to results for pre-nZVI emplacement tracers and post-emplacement tracers; at 
95% confidence level, there was also no significant different between the calculated 
velocities when comparing the pulse and flushing pre-nZVI emplacement tracers.  There 
was a significant difference between the flushing tracer and the post-emplacement 1 hour 
pulse tracer, but this could be due to a difference in how the μ1 of the two tracers are 
calculated, equations 5 and 4 in section 2.9.  Between the pre and post injection pulse 
tracers there was also no significant statically difference. 
 Differences in PV measured from the initial 1 hour pulse tracers compared to the 
PV measured from the 1 hour pulse tracers applied 48 hours after injection showed a 
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trend relating to CMC concentration (table 5).  PV averages prior to injection with CMC-
nZVI were 215.7 4.45 mL.  f-test and t-test were applied to compare values of CMC<3 
g/L and CMC>3 g/L to determine if the results were statistical difference.  With a 95% 
confidence level, these percent loss of PV between CMC<3 g/L and CMC>3 g/L are 
statistically different.  With 1 g/L and 2 g/L CMC modified nZVI, there was a higher loss 
of PV than with 4 g/L and 8 g/L.  With an increase in CMC concentration, it was 
observed that less PV was lost.  With lower CMC concentrations, an increase in nZVI 
particle agglomeration may occur which would result in nZVI increasing in size post-
emplacement.  This would lead to a higher loss in PV.  The loss of PV may be due to a 
combination of H2 gas entrapment and nZVI blocking flow between pore spaces resulting 
in zones of no flow.  The rate at which H2 was produced could be different between 
concentrations of CMC.  At 1 g/L CMC, an average 9.49 1.56% loss of pore volume 
was observed.  At 2 g/L CMC a 10.29 2.10% loss of pore volume was observed.  At 4 
g/L CMC, a 6.81 0.29% a loss of pore volume was observed.  At 8 g/L CMC, a 5.00% 
loss of pore volume was observed.  These results also mimic changes observed in total 
porosity. 
 A range of porosity values were taken from the pre-injection tracer studies using 
the method described earlier in Section 2.5, and used for a comparison against the 
reduction in total porosity post-emplacement of CMC-nZVI (figure 5).  With each CMC-
nZVI emplacement there was a reduction in total porosity as measured by pulse tracers 
delivered 48 hours post-emplacement of CMC-nZVI.  As would be expected, estimated 
PV directly correlates with estimated total porosity.  As with PV, the decrease in total 
porosity was greater with lower concentrations of the CMC surface modifier. Pore 
volume and total porosity measurements suggest that an increase in CMC concentration 
may result in less zones of no-flow resulting from CMC-nZVI injection.   This, in 
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combination with measurements of total Fe mass eluted (see Section 2.9), suggests that 
transport of nZVI increases, while mass retention decreases, with an increase in CMC 
concentrations when flushed at a given ground water velocity.  Previous work has shown 
that the size of nZVI can be modified by changing CMC to Fe
2+
 molar ratio (He and 
Zhao, 2007) for synthesizing smaller particle that may aid in transport. 
3.2 Mass elution.  The mass of total Fe eluting from the column over 24 hours post-nZVI 
injection showed a distinct trends at variable CMC concentration.  The percent of Fe 
mass eluting from the reactor was calculated by dividing the mass calculated from the 
zeroth moment of the breakthrough curve by the mass injected into the column as 
described in Section 2.9. 
 Analysis of total iron mass eluted over 48 hours suggests that with an increase in 
CMC concentration, there is an increase in total iron eluted from the column (figure 6).  
This can also be observed from the breakthough curves of total iron mass (figure 7).  
Breakthough curve data was generated from averages of duplicate experiments, with the 
exception of 8 g/L CMC concentration which was only done once.  Error bars were not 
included for mass elution behavior comparisons, but will be discussed during 
examination of individual experiments. 
 Early mass elution behaviors between 2 and 1 g/L CMC modified nZVI appear to 
be similar (figure 7b), but later time elution behavior shows an increase in eluted mass for 
2 g/L CMC modified nZVI.  This is better observed in individual breakthough curves for 
2 g/L CMC experiments (figure 16 b and 16c), and is discussed later.  By averaging the 
experimental runs, the effect is reduced.  4 g/L and 8 g/L CMC modified nZVI show 
significantly higher concentrations of Fe total eluting from the column at early times 
compared with the lower CMC concentrations (figure 7a).  This supports the data 
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obtained from mass recovery calculations which were calculated by sample concentration 
and total volume delivered.   The breakthough curves for total iron elution could not be 
simulated using the model described in Sections 2.9 and 2.11.  One possible reason is that 
the model assumes steady-state flow, and due to the evolution of hydrogen during 
flushing, the flow field would not be steady-state (figure 8a and 8b); the discharge rate 
pre- and post-nZVI injections were more-or-less constant over the course of the 
experimental runs, the discharge rate during nZVI flushing varied with time.   
3.3 Dynamic discharge post-emplacement.  After the emplacement of CMC-nZVI, the 
effluent collected showed a difference in its discharge rate.   The discharge rates either 
increase immediately and drop off over time, or begin at a higher discharge rate and 
decrease over time.  Tracers applied to CMC-nZVI slurries were used to ensure total 
saturation of the column was achieved.  With the exception of 2a, all CMC-nZVI 
emplacements did fully saturate the column.  
 The change observed in the discharge rate for the flushing of emplaced CMC-
nZVI over time may be due to the reaction between Fe
0
 with water.  This reaction 
produces H2 gas, which may result in multiphase flow in the system.  The H2 gas may 
change the viscosity and density of the fluid within the column, resulting in a higher rate 
of discharge while the Fe
0
 is reacting to produce hydrogen gas.  Or the presence of H2 gas 
bubbles formed during the reaction may cause an air-lift pump effect, which would result 
in pushing higher volumes of fluid out of the column.  If this increase in discharge rate 
was caused by H2 production, then the increase in discharge rate may reflect the CMC-
nZVI content of reactive sites available on CMC-nZVI particles.  With respect to an 
average discharge rate from tracer study samples collected prior to CMC-nZVI 
emplacement, compared against the average maximum increase in discharge rates 
observed in samples collected after emplacement of CMC-nZVI, the following percent 
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increase within discharge rates were observed: 1 g/L CMC modified nZVI had a 
14.9 1.1% increase; 2 g/L CMC modified nZVI had a 21.9 3.9% increase; 4 g/L CMC 
modified nZVI had a 25.0 0.6% increase,; and 8 g/L CMC modified nZVI had a 27.5% 
increase.  If the maximum increase in the discharge rate was produced by H2 evolution, 
then it may be possible that differences observed in the percent increase resulted in a 
difference in the content of reactive sites caused by changing the concentration of CMC.  
Therefore, increasing the concentration of CMC may reduce agglomeration, allowing for 
an increase in the reactive surface area of CMC-nZVI.  This may also mean that the 
CMC-nZVI application for aquifer treatment when compared to source zone treatment 
may require different concentrations of a surface modifier.  If what is observed is an 
increase in reactive potential, further investigation is required to determine the life span 
of this increase in reactivity. 
3.4 Visual observations.  When comparing flushing behaviors of nZVI-CMC for 
different CMC concentrations, differences in mass retention can be visually identified, as 
seen in these paired images of the column at 24 hours post-injection (left) and 48 hours 
post-injection (right) for 1, 2, and 4 g/L CMC concentration, respectively (figure 9). 
 With 1 g/L CMC modified nZVI, more nZVI-CMC was retained within the 
column at both 24 and 48 hours than with 2 g/L and 4 g/L.  At 2 g/L and 4 g/L, it 
appeared that no nZVI-CMC could be visually identified within the column after 48 
hours.  An image of 8 g/L nZVI-CMC is not shown because there was no visible 
difference between an image at 24 hours and 48 hours.  Based on the mass calculations, it 
is known that some of the emplaced iron was retained for all concentrations of nZVI-
CMC.  Accompanied with the increase in loss of in PV at CMC concentrations < 3 g/L 
compared to CMC concentrations >3 g/L,  and  increase in mass that can be visually seen 
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at 1 g/L; a large amount of evidence pointing to nZVI particle agglomeration post-
emplacement at lower concentrations of CMC.  
3.5 CXTFIT results.  CXTFIT was used for parameter estimation for dispersivity (α), 
mobile porosity fraction (β), and mass transfer rate between mobile and immobile zones 
(Ѡ).  In respect to the R
2
 value for regression of observed data compared to the model 
predicted the average value achieved was 0.997  0.002.  An example of the fitting to 
breakthrough curve data can be seen in the appendix.  Due to slight differences between 
the rates at which the background solution was delivered, duplicate experiments were not 
averaged; results from each individual experiment are reported.  Parameters were 
estimated from 1 hour pulse conservative tracer data, and pre- and post-emplacement 
estimates compared.   
 The values for longitudinal dispersivity, for all CMC concentrations and pre- and 
post-emplacement, were of the same order of magnitude (figure 10).  Since this was a 
one-dimensional experiment, only longitudinal dispersivity was measured. With 1 g/L 
CMC dispersivity measured post-emplacement was greater than the pre-emplacement 
measurement.  This seems reasonable, based on the observation that more nZVI mass 
was retained at 1 g/L CMC.  The retained mass perhaps resulted in blocked pores and/or 
hydrogen gas generation, both of which would lead to more tortuous pathways for water 
flow and hence, increased dispersivity.   
 As previously discussed there was no statistical difference between velocity 
measured pre and post-emplacement.  But there appears to be a trend where an increase 
in velocity was observed with all CMC concentrations, except for 1 g/L (figure 11).  This 
suggests that concentrations greater than 1 g/L may lose pore space to previous tortuous 
pathways, creating enhanced preferential pathways of flow.  Pore space lost in 1 g/L 
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CMC experiments may be more concentrated, resulting in localized zones of low or no 
flow, which would increase dispersivity, and possibly reduced changes to velocity. 
 Beta is the fraction of mobile porosity to the total porosity.  Beta values range 
between less than 1 and greater than zero.  Beta results appeared to be random, as no 
obvious trends were observed.  There was no statistical difference between the modeled 
pre and post-emplacement beta values.  If beta values are multiplied against the total 
porosity values the mobile porosity can be determined.  Mobile porosity describes the 
pore spaces that have flow.  There is also no statistical difference between mobile 
porosity pre and post-injection.  All concentrations of CMC showed a reduction of 
mobile porosity (figure 12).  2 g/L CMC had the lowest values for post-emplacement 
mobile porosity.  Again no obvious trends appeared, possible because loss of pore 
volume may be due to both mass and bubble entrapment, bubble retention might be a 
variable that creates the randomness of results. 
 Omega is the dimensionless mass-transfer rate of solute between mobile and 
immobile zones. Mass transfer is due to diffusion.  The magnitude of omega may provide 
insight into the shape of immobile zones within the column.  If low flow regions are 
relatively large, the diffusion rate (and the value of omega) would be relatively small 
compared to its value when there are many small low flow regions.   Figure 13 shows the 
omega values for pre and post-emplacement of CMC-nZVI based on pulse tracer studies.  
Only 2 g/L CMC modified nZVI injections appear to affect the column consistently, by 
increasing omega.  This observed increase in omega may indicate that small zones of low 
or no flow are dispersed throughout the column, possibly contained within pre-
emplacement tortuous pathways. 
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3.6 Observations of experimental runs.  The 8 g/L CMC experimental run was not done 
in duplicate.  During injection of the 8 g/L CMC nZVI-CMC slurry, the slurry appeared 
to spray and there was pressure when disconnecting sampling syringes and tubing.  This 
was identified as signs of increased reactivity, and because of concerns of exposure to 
reactive nZVI, the experiment was not repeated.  Even though the Br
-
 tracer within the 
nZVI-slurry indicated that the nZVI had been emplaced throughout the column, the Fe 
total breakthough curve appeared to show that nZVI perhaps did not extend at its influent 
concentration throughout the column (Figure 14).  This result may show that some initial 
attachment of nZVI may have occurred, but then recovered.  8 g/L CMC modified nZVI 
also produced higher concentrations of eluted nZVI for an extended period of time (100 
min), while all other concentrations exhibited a peak followed by an instantaneous drop 
in C/C0 values. 
 All other CMC concentrations were done in duplicate, to identify if results were 
to be replicated.  The following graphs show data point averages with a standard 
deviation between delicate experimental runs.  For 1 g/L and 4 g/L CMC, the replicated 
experiments were in agreement (figures 15a and 15b).  But with experiment 2a (figure 
16c) saturation was slightly underachieved, which explains the initial error between runs.  
In both 2 g/L CMC runs, an increase in mass eluted occurred at different times during the 
flushing of the emplaced nZVI-CMC (figures 16b and 16c).  Despite the difference 
between elution behaviors, 2 g/L CMC experimental duplicates had the smallest standard 
deviation between recovered mass (Figure 6). 
3.7 H2 evolution and nZVI reactivity.  Experiments for nZVI reactivity were pursued 
first, and initial results were processed assuming a steady state flow.  After the dynamic 
discharge rates were observed post-emplacement of CMC-nZVI from samples taken by 
the fraction collector, it was concluded that mass calculations cannot be achieved in this 
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sampling format. Using the fraction-collector sampling method, all effluent was collected 
continuously.  Continuous collection of effluent allowed for estimation of Fe total mass 
eluted based on total volume and concentration of each sample, eliminating any error 
produced by the dynamic discharge. 
 The method of vial collection had some limits.  Constant collection could not be 
accomplished.  Even though gas was removed from the vial to allow the flow from the 
column to enter, after a few minutes collection would slow due to pressure increases.  
Observable pressure build up and release in the effluent line could be observed after vial 
collection. Therefore, flow is redistricted under these conditions.  It might be possible to 
determine a percent of reactive iron estimate or, more likely, a snap shot of nZVI 
reactivity over time.  Sample number reflects 30 min paired sampling time. 
 Figure 17 shows measured Fe
2+
, H2 measured after HCl digestion, and H2 
measured after sampling.  The H2 measured after sampling either evolved within the 
column or had been contained within vials being assembled in the glove-box.  Values for 
H2 appear to become more erratic after 8 hours, which was just over 1 PV delivered 
flushing solution based on pre-injection tracers.  It maybe possible that after 8 hours, 
mobile H2 bubbles were randomly collected during sampling, resulting in H2 peaks not 
related to nZVI reactivity.  It should be noted that with this data set, the column was not 
fully saturated; this is why the concentration peaked to a maximum concentration of iron 
at 2 hours.   
 A rough estimation of collected reactive nZVI may be determined by comparing 
the mmol concentration of acidified samples, assuming that Fe
2+
 is the phase that Fe
0
 
converts to after acidification (figure 18).  And that once the background H2 is accounted 
for, Fe
0





concentrations were determined from the samples that were acidified.  Background H2 
levels were subtracted from the acidified sample collected during the 15 minutes before.  
This created a 30 minute sampling paired between acidified samples which produced H2, 
and the non-acidified samples which gave background values for H2.  By taking the 
integral of the H2 produced from acidification, and dividing it by the integral for Fe
2+
, it is 
possible to estimate the total percentage of unreacted Fe
0
 eluted.  For this experiment, 
after 500 minutes 82% of the iron eluted was considered unreacted Fe
0
.  This is most 
likely an over-estimation. It could be improved by reducing the sampling time interval. 
 Figure 19 is from an experiment with 0.2 g/L nZVI, 4 g/L CMC. This injection 
contained the Br
-
 tracer used in the fraction collector based experiments.  The total 
amount of sample-collection time was reduced to avoid the collection of mobile H2 
bubbles that were seen in the earlier study.  Unfortunately, during the experiment the 
sampling line malfunctioned, and an hour of data was lost.  This injection also failed to 
saturate the column.  The acidified and non-acidified samples were again paired into 30 
min sampling times, and the previous integrals were applied.  This resulted in 89% of 
total iron measure could be Fe
0
 500 min after emplacement (figure 20).  These results 
should be considered initial findings, which are promising. However, they require further 
investigation to be considered valid. 
3.8 Errors and improvements.  The assumption was that all fluid densities are 1 g/mL 
and that the mass of a sample directly represents the volume of the sample.  This most 
likely is not true.  The largest issues with determining the density of nZVI-slurry is that 
while reacting, the H2 bubble production would possibly affect the volume of the solution 
by causing a change in viscosity.  The ability to determine the true density of the nZVI-
CMC based simply on measuring the weight and the volume is not applicable due to 
changes in volume to the solution while reactive.  But the density difference between the 
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nZVI-CMC slurry and the flushing solution may not be large enough to cause a 
difference.  Future work may be improved by improved estimation of the density of the 
solution. 
 Use of the selective ion Br- probe is a cost-effective way to analyze tracer 
studies. It also allows for testing of samples that contain iron without concern for 
damaging more expensive equipment.  But the Br
-
 probe was identified to have a 20% 
error.  This meant that the probe was unable to read a zero value during the analysis of 
samples, despite the use of a calibration curve.  This resulted in the need to correct tracer 
data for use in CXTFIT modeling and Method of Moments calculations.  The probe 
appeared to loose sensitivity at lower mg/L concentrations. The lowest value it would 
read was 3 mg/L.  In order to adjust for this, 3 mg/L were subtracted from all values. 
However, this might be an incorrect adjustment to make to higher concentration samples.  
Improvements to Br
-
 tracer analysis would lead to better CXTFIT and Method of 
Moments results.  One possibility is to apply a “junk” column to an ion chromatography 
unit, which would collect precipitated iron.  The problem with this method is that nano 
scale particles may be contained within the samples and may not be collected by the junk 
column.  This could damage equipment. 
 The fraction collector allows for continuous effluent collection, which enables 
mass estimates to be determined even with changing discharge rates.  Errors in sampling 
did occur when tubes where not well aligned with the effluent port.  To accommodate for 
partially collected samples, averages between neighboring sample volumes were used to 
estimate what the sample volume should have been.  It was still possible to determine the 
concentration based on the sample amount collected.  This averaging does present a 
possible error in the data, however.  Increasing the repeated runs of a study should reduce 
this error.  Other problems with the fraction collector occurred if the effluent line 
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detached from the fraction collector.  Otherwise, the fraction collector resulted in a 
reliable method of data collection.  The orientation of the column, where flow is in the 
upward direction may also create an error.  The Fe mass eluted results may be over 
estimate, due to a possible air-lift pump effect.  H2 bubbles as they go through the column 
could increase the discharge rate and the transport of nZVI out of the column.  This effect 
may be enhanced by the upflow orientation of the column. 
 The phenanthroline method for iron determination also proved to be reliable if 
the Br
-
 tracer was taken into consideration.  This was done by adding 50 mg/L Br
-
 to the 
50 mg/L Fe stock solution used for the calibration curve.  Br- can be analyzed through 
colorimetric methods for low concentrations, and was found to slightly desensitize the 
iron calibration curve. The phenanthroline method can also be affected by the pH of 
samples.  The pH of samples after being acidified was above 1. If, however, samples 
reach a pH below 1, then the phenanthroline method can no longer be used. 
 The least reliable experimental parameter was H2 analysis.  Samples must be 
analyzed within a few minutes of collection.  Acidified samples must be visually clear, 
changing from gray/black to clear, before being analyzed. This showed that the samples 
had been fully digested by the HCl.  Sample collection for H2 analysis occurred over 8 to 
10 hours and required immediate analysis which meant that a gas chromatography (GC) 
unit had to run reliably for that length of time.  Many times, during an experimental run, 
the GC would shut off or have a failure.  Also, sample vials contained needle holes in the 
septa from collection.  H2 gas did build up pressure between collection and analysis, 
which may have resulted in a loss of H2 gas sample.  Loss of gas sample may have also 
occurred during analysis, and, because samples were so small, it was difficult to achieve 
duplicate peaks.  Because the sample collection of reactivity studies was manual, human 
error became an issue.   
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 The results might be improved if the sampling times were shortened; from 15 
minutes with a 6 minute collection time (producing 2 to 3mL of sample) to 10 minutes 
with a 5 minute collection time.  The reduction in sampling time may also allow for 
better comparison between background values of H2 and the H2 produced from 
acidification. Another improvement might involve the sample collection being done by 
one person and the analysis by another.  If samples are collected over an hour, and then 
all are processed together, the stress on the GC may be reduced. 
 Initially, all vials were assembled within the glove box, which allowed for 
anaerobic sampling for all samples taken.  This method might also be improved if the 
vials used for background values were aerobic. This might oxidize the Fe
0
 and prevent H2 
development after collection, producing a more reliable background value for H2.  If this 
approach was done then vials used for acidified samples would have to be assembled 
where no H2 was present.  This would mean having to find alternatives to the glove-box.  
Experiments in which acidified vials were assembled in an atmo-bag (Fisher Scientific) 
showed some success.  However, during the run, the GC malfunctioned and results may 




 Currently, no federal regulations concerning nano materials are in place, and 
major concerns arise in regards to injecting them into the sub-surface.  The experiments 
described above suggested that the movement of nZVI and their reactive lifespan maybe 
manipulated by adjusting the surface modifier concentration.  Initial results showed that 
nZVI was transported at a groundwater velocity of ~1 m/d for all concentrations of CMC 
tested.  But by decreasing the concentration of CMC, less nZVI eluted. 
 If the dynamic discharge is reflecting the reactivity of nZVI-CMC slurry, then 
the reactivity of nZVI can also be controlled by the concentration of CMC.  8 g/L CMC 
modified nZVI showed the largest increase in the discharge rate, possibly showing that 8 
g/L CMC will create a highly reactive particle, possibly by increasing the specific surface 
area and therefore increase the availability of reactive sites.  If the desire is a less reactive 
particle that is still transportable, then 4 g/L CMC may be more desirable.  Determining 
the reactivity of nZVI-CMC as a factor of time compared to elution can be done through 
analysis of H2 gas production of acidified nZVI-CMC samples.  
 Effects on the hydraulic properties of the column were also affected by the 
concentration of CMC.  All CMC concentrations resulted in a loss of porosity and PV.  
Less PV and porosity was lost with an increase in CMC concentration.  The largest loss 
in PV and the most Fe mass retained were observed with concentrations that were less 
than 3 g/L CMC.  1 g/L CMC resulted in the largest increase in longitudinal dispersivity 
between duplicate experiments, which seems to correlate with the losses in PV and the 
increase in Fe mass retention shown by 1 g/L CMC results.  This may show that nZVI 
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may agglomerate post-emplacement with 1 g/L CMC.  2 g/L CMC showed constant 
increase in the mass transfer rate between duplicate experiments.  This suggests that 
smaller zones of no or low flow were dispersed thought the column, but there was no 
statistical difference between these values in respect to all CMC concentrations 
investigated.  These results show that at low concentrations of nZVI, the some of the 
changes to the column’s hydraulic properties were not different enough to be considered 
statistically different.  But if the nZVI concentration was increased, what trends do 
appear might become more pronounced.  Method of Moments did prove to be very useful 
in calculating the velocity and generating an estimation of Fe mass eluted. 
 In regard to the H2 evolution and reactivity analysis, initial results are promising.  
Major areas of improvement are required, but experiments have shown the ability to 
measure reactivity of eluting particles.  If reliable GC analysis can occur, along with a 
shortened sampling time, and cooperative sampling and analysis, future studies may 
show the content of reactive Fe
0
 in eluted particles are over time. 
 Overall, these experiments show that nZVI may be transported by groundwater at 
typical flow velocities.  These experiments may show that nZVI-CMC slurry can be 
tailored or controlled for what a remedial situation requires.  If transportation needs to be 
reduced, in regards to an injectable permeable reactive barrier, than a lower CMC 
concentration should be applied.  If the remedial strategy requires that nZVI be mobile, in 
a case where TCE trapped in small pockets of pore throats, then increasing the CMC 
concentration will allow for greater mobility.  If regulatory agencies want less mobile 




Future Work.  Repeatability and further agreement in results are required.  Increasing the 
repetition of experiments will produce more confidence in results.  The nZVI 
concentration used was at 0.2 g/L, which is not what has been applied in field studies.  In 
field studies the concentration ranges from 1 to 10 g/L nZVI.  However, increasing the 
concentration also increases the risk of exposure to nZVI.  If changing the nZVI 
concentration was accomplished by reducing to 0.1 g/L then exposure may be reduced to 
those who are conducting the experiments.  But further precautionary measures for 
personal protection should be taken if the concentrations are increased.  Another 
approach maybe to send pulses of nZVI-slurry through the column to observe if the mass 
is all entrapped after traveling the length of the column. 
 Also, results may be skewed by the orientation of the column.  If the air-lift 
pump effect generated by H2 gas is enhancing the mass elution, than perhaps a horizontal 
column should be used.  This may create packing issues, but will help assure that results 
in mass elution were more realistic, in terms of simulating horizontal transport in the 
field.   
 Major improvements to H2 reactivity experiments are required.  Equipment 
failure was the largest issue.  Further investigation of nZVI reactivity would allow for a 
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Figure 2: Examples of bromide breakthrough curves; (2a) pre-nZVI emplacement 1-hour pulse 




































































Figure 3: Example graph showing elution of Fe total concentration and volume of 



























Figure 4: Comparison of Fe calibration curves for phenanthroline method with and 
without 50 mg/L bromide in stock solution.  
y = 0.0656x + 0.0949 
R² = 0.9999 
y = 0.0635x + 0.0898 






















































Figure 6: Average Fe mass (%) eluted from the reactor as a function of CMC 


































Figure 7: Average Fe (total) breakthough curves at variable concentrations of CMC; (7a) 




















































Figure 8: Examples of measured discharge rates (Q, mL/min) from the reactor post-
emplacement of nZVI prepared at various CMC concentrations: (8a) nZVI prepared at 8 



















































 1 g/L CMC 2 g/L CMC 4 g/L CMC 
24 Hrs 48 Hrs 24 Hrs 48 Hrs 24 Hrs 48 Hrs 
Figure 9: Photograph showing nZVI movement (prepared at various CMC concentrations) 





Figure 10: Dispersivity of the porous medium in the reactor before and after nZVI-CMC 































Figure 11: Velocity before and after nZVI emplacement prepared at different CMC 





























Figure 12: Mobile porosity values pre and post-emplacement for nZVI prepared at 

























































Figure 14: Breakthrough curves for Fe (total) and bromide for nZVI prepared at 8 g/L 





































Figure 15: Average Fe (total) breakthough curves from the reactor for injections with 











































Figure 16: Fe total breakthough curves for 2 g/L experiments; the average with error bars 










































Figure 17: H2 and Fe
2+






































Figure 18: Reactive Fe
0
 determined by 1:1 Fe
2+










































Figure 19: H2 and Fe
2+























































Figure 20: Reactive Fe
0
 determined by 1:1 Fe
2+






















































Table 1: Mixing volume of CMC stock with chloride solution for its desired final. 
concentration 















4 19.6 mL 0 mL 
0 
 
2 9.6 mL 9.6 mL 
1 
 














Tapso 30 25 7.81 
 
NaBH4 500 2.1 10.9 
 













Table 3: Column parameters; measured, calculated, and estimated. 










Internal  volume 
~540 mL 
 
























































1a (1 g/L) 6.42E-02 6.04E-02 6.52E-02 
September  
(9/20/13) 
1b (1 g/L) 7.10E-02 6.69E-02 7.15E-02 
May 
(5/10/13) 
2a (2 g/L) 6.52E-02 6.22E-02 6.95E-02 
May 
(5/21/13) 
2b (2 g/L) 6.62E-02 6.55E-02 7.07E-02 
June 
(6/15/13) 
4a (4 g/L) 6.83E-02 6.70E-02 7.51E-02 
October 
(10/5/13) 
4b (4 g/L) 6.62E-02 6.85E-02 6.76E-02 
July 
(7/6/13) 
8 (8 g/L) 6.71E-02 6.60E-02 7.05E-02 
 Average 6.70E-02 6.55E-02 7.00E-02 
 Standard 
Deviation 



















Percent of lost 
PV 
1a (1 g/L) 218.2 194.1 11.1 
1b (1 g/L) 208.0 199.7 7.9 
2a (2 g/L) 215.4 197.8 8.2 
2b (2 g/L) 223.5 195.8 12.4 
4a (4 g/L) 213.6 198.2 7.1 
4b (4 g/L) 217.7 203.5 6.5 
















Analysis and Calculations 
A1 Calculating total H2 mmol in anaerobic sample vials 
1. A calibration curve was used for the determination of partial pressure of H2.  
Calibration curves were based on linear regression for a best fit line; y=mx+b 
where x is the partial pressure.  Sample concentration can be determined through 
reverse calculation of the best fit line formula.  The gas used for the calibration 
curve was a 5% H2 mix.  A known volume of 10 to 50 uL of gas mix would be 
directly withdrawn from the gas line of the tank.  This was converted into a 
known partial pressure based on delivered percent of H2 gas calculated. 
  
  
                  
where Vi is the injected volume, VT is the total volume of the needle, CH2 is the 
concentration of the gas mix given as a percent.  The calculated percent delivered 
was then delivered by 100% to determine the partial pressure of the known 
sample.  Injections were repeated twice, and then averaged to determine peak 







Figure A1.1, Example of H2 calibration curve 
2. 50 uL of gas sample was withdrawn from the anaerobic vial head space of the 
collected sample, delivered to GC 5890, and through reverse calculation of the 
best fit line formula, the partial pressure (atm) was determined in the sample vial.  






where P is the partial pressure (atm), V is the volume of head space (liters), T is 
the temperature of 293 K based on 20ºC room temperature, and R is the gas 
constant 0.082 amt L mol
-1 
, n is the number of moles.  The volume of the 
headspace was determined by subtracting out the change in mass due to the 
sample collection from the total headspace, assuming a total of headspace 
(considering the septa) to be 14.2 mL and that the density of the sample was 1. 
 
y = 197755x 















Partial pressure (atm) 
75 
 
3. Henry’s law was then applied to determine the concentration of H2 dissolved in 
the water: 
      
where C is the concentration (mol/L), P is the partial pressure, and KH is the 
Henry’s constant 8.03E-4 mol(l*atm)
-1 
, adjusted for 20ºC .  The concentration 
was then multiplied against the volume of sample within the anaerobic vial to 
determine moles of H2 dissolved. 
4. The resulting moles of H2 gas from the ideal gas law and Henry’s Law were 
summed for each sample, and then converted to mmol. 
A2 Calculating total Fe mmol fraction collected samples 
1. The calibration curve for total Fe was Absorbance vs Fe total ppm, based on a 508 
λ for iron determination.  Calibration curves were based on linear regression for a 
best fit line; y=mx+b where x is the Fe total ppm. Sample concentration can be 
determined through reverse calculation of the best fit line formula.   
2. Because Fe total ppm for collected samples was over 200 ppm, dilutions were 
applied to early time samples.  Because of this, the dilution formula was applied 
to determine the concentration of the sample. 
          
where C1 is the initial concentration, V1 is the initial volume, C2 is the 
concentration after dilution, and V2 is the volume after dilution.  Samples 
collected by the fraction collector were taken with 15 mL centrifuge vials that 
were pretreated with 450 uL of 6 N HCl as a preservative.  Fe total ppm had to be 
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adjusted accordingly by repeating the dilution formula due to the dilution caused 
by the acid addition. 
3.  Sample volume was determined by change in weight of the centrifuge tube after 
collection, and adjusted for the mass of the acid preservative, assuming all fluids 
had a density of 1.  The concentration of the sample (ppm=mg/L) was then 
multiplied against the volume of the sample to determine mg of Fe total.  The mg 
amount was then converted in to mmol. 
     
      
   
    
          
       
 
    
        
        
 
A3 Calculating total Fe and Fe
2+
 mmols from anaerobic samples 
1. The calibration curve for total Fe was Absorbance vs Fe total  ppm, based 
on a 508 λ for iron determination.  Calibration curves were based on linear 
regression for a best fit line; y=mx+b where x is the Fe total ppm.  This 
calibration curve can be used for Fe2+ and total iron. Sample concentration can be 
determined through reverse calculation of the best fit line formula.   
2. With use of the phenanthroline method, Fe2+ requires phenanthroline, but 
total Fe requires both the phenantroline and the hydroxylamine.  Samples are 
analyzed in duplicate, one for total Fe and the other for Fe2+.  
3. Because Fe total ppm for collected samples was over 200 ppm, dilutions 
were applied to early time samples (examples can be seen in Appendix C).  
Because of this, the dilution formula was applied to determine the concentration 
of the sample. 
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where C1 is the initial concentration, V1 is the initial volume, C2 is the 
concentration after dilution, and V2 is the volume after dilution.  Sample taken 
manually through the sampling needle were taken with 15 mL glass, septa capped, 
anaerobic vials that were pretreated with 150 uL of 6 N HCl as a preservative, and 
Fe total ppm had to be adjusted accordingly by repeating the dilution formula. 
4.  Sample volume was determined by change in weight of the septa capped 
vail and adjusted for the mass of the acid preservative, assuming all fluids had a 
density of 1.  The concentration of the sample (ppm=mg/L) was then multiplied 
against the volume of the sample to determine mg of Fe total and Fe2+ for each 
sample analyzed.  The mg amount was then converted in to mmol. 
     
      
   
    
          
       
 
    
        
        
A4 Calculating Br- ppm in fraction collected samples 
1. The calibration curve used for Br- tracer studies requires a semi-log plot, 
where the logarithmic axis is the X axis, y = m*ln(x) + B, resulting in relative 
millivolts (y) vs ppm (x).  Using relative millivolts will generate a negative value 
(figure A4.1), and zero values cannot be computed using the semi-log best fit line.  
The smallest concentration applied should be a 1ppm.  






















Appendix B  
Supplemental figures 
B1 Discharge rate figures 
 
Figure B1.1:  Discharge rate vs time for experiment 1a 
 






































Figure B1.3: Discharge rate vs time for experiment 2a 
 












































Figure B1.5: Discharge rate vs time for experiment 4a 
 


























































B2 Graphical representations of the Fe total mass integrals used for the zeroth method 
 



















































































Figure B2.4: Fe total concentration per sample vs total mL delivered over time for 

























































Figure B2.6: Fe total concentration per sample vs total mL delivered over time for 




























Figure B2.7: Fe total concentration per sample vs total mL delivered over time for 
































Total mL delivered 
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Figure B3.1: Tracers for Experiment 1a, pre-emplacement 1 hour pulse (B3.1a), pre-









































































Figure B3.2: Tracers for Experiment 1b, pre-emplacement 1 hour pulse (B3.2a), pre-

































































Figure B3.3: Tracers for Experiment 2a, pre-emplacement 1 hour pulse (B3.3a), pre-





























































Figure B3.4: Tracers for Experiment 2b, pre-emplacement 1 hour pulse (B3.4a), pre-



































































Figure B3.5: Tracers for Experiment 4a, pre-emplacement 1 hour pulse (B3.5a), pre-
































































Figure B3.6: Tracers for Experiment 4b, pre-emplacement 1 hour pulse (B3.5a), pre-




























































Figure B3.7: Tracers for Experiment 8, pre-emplacement 1 hour pulse (B3.7a), pre-

































Appendix C  
Data tables  
Table C1: Results and comparisons for 1 g/L CMC experiments  
 
1a 1b 
     Tracers PV (mL) PV (mL) St. D % Diff 
   
pulse 1 218.1881 208.0143 5.086888 4.774152 
   sat flush 218.1419 216.885 0.628429 0.57783 
   Average 218.165 212.4497 2.857658 2.654492 
   pulse post 194.0697 199.7034 2.816872 2.861417 
   change 0.889555 0.92078 0.015613 3.449682 
   n Pre 0.402273 0.399641 0.001316 0.656503 
   n Post 0.358275 0.36917 0.005447 2.995254 
   npst/npr 0.890627 0.923754 0.016563 3.651577 
   
        
 
1a 1b average st. D. P % diff 
mmol 
injected 0.91939 0.895302 0.907346 0.012044 2.654807 
mass 
recover 0.213969 0.26325 0.238609 0.024641 20.65365 
percent 
recovered 23.27288 29.4035 26.33819 3.065312 23.27655 
 
1a 1a 1b 1b 
  
  pre post pre post St. D pre 
St. D 
post 
V 0.065 0.065 0.071 0.071 0.003 0.003 
D 0.002 0.003 0.002 0.003 0.000 0.000 
beta 0.955 0.962 0.975 0.952 0.010 0.005 
omega 0.018 0.011 0.032 0.032 0.007 0.011 
Cin 1.120 1.228 1.133 1.105 0.006 0.062 











    
Tracers PV 
 
St. D % diff 
  pulse 1 215.4103 223.4997 4.0447 3.686132 
  sat flush 216.2271 223.965 3.86897 3.51571 
  Average 215.8187 223.7324 3.956835 3.600797 
  pulse 
post 197.7597 195.7908 0.984436 1.000569 
  change 0.916323 0.875112 0.020606 4.600951 
  n Pre 0.396867 0.411829 0.007481 3.700389 
  nPost 0.360772 0.360772 0 0 
  npst/npr 0.90905 0.876023 0.016514 3.700389 
  
       
       Mass 2a 2b average st. D. P % diff 
mmol injected 0.93893 0.880571 0.909751 0.02918 6.414883 
mass recover 0.362778 0.3454 0.354089 0.008689 4.907854 
percent recovered 38.6374 39.22456 38.93098 0.293582 1.508216 
      
 2b 2b 2a 2a  
Pulse pre post pre post St. D pre 
V 0.06623 0.0707 0.06517 0.06952 0.00053 
D 0.001985 0.002467 0.002155 0.001664 0.000085 
beta 0.9478 0.9189 0.9506 0.932 0.0014 
omega 0.02385 0.04517 0.02377 0.05829 4E-05 
Cin 1.069 1.171 1.204 1.072 0.0675 
a 0.029971 0.034894 0.033067 0.023936 0.001548 
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Table C3: Results and comparisons for 4 g/L CMC experiments 
 
4b 4a 
    
Tracers PV 
 
St. D % diff average 
 pulse 1 217.7003 213.5834 2.058448 1.909136 215.6418 
 sat flush 208.5588 216.4986 3.969885 3.735858 212.5287 
 Ave 213.1296 215.041 0.955719 0.892839 214.0853 
 pulse post 203.5235 198.4179 2.552828 2.540498 200.9707 
 change 0.954929 0.922698 0.016115 3.433143 0.938813 
 n Pre 0.401143 0.393676 0.003733 1.878887 0.39741 
 nPost 0.37502 0.366022 0.004499 2.428598 0.370521 
 npst/npr 0.934879 0.929754 0.002563 0.549774 0.932341 
 
       Mass 4b 4a average st. D. P % diff 
mmol injected 0.912237 0.910373 0.911305 0.000932 0.204543 
mass recover 0.428365 0.361245 0.394805 0.03356 17.00097 
percent recovered 46.95769 39.68096 43.31933 3.638366 16.79789 
 
4b 4b 4a 4a 
  
Pulse pre post pre post St. D pre St. D post 
V 0.0662 0.0676 0.06832 0.0751 0.00106 0.00375 
D 0.002427 0.002958 0.002298 0.002415 6.45E-05 0.000272 
beta 0.9464 0.9673 0.969 0.9298 0.0113 0.01875 
omega 0.02241 0.01637 0.01207 0.05042 0.0113 0.01875 
Cin 1.098 1.048 1.146 1.059 0.00517 0.017025 













(mmol) 0.539567 pre n sat 0.393066 
PV Sat 
(mL) 213.3171 




post n 0.373985 PVpst/PVpr 0.949973 
  































q (Q/A) I  K 
62 63.2 -1.2 2.25 0.124378 -0.04 -3.10945 
60.5 61.7 -1.2 2.5 0.138198 -0.04 -3.45495 
63.3 64.4 -1.1 2.5 0.138198 -0.03667 -3.76903 
69.5 70.9 -1.4 4 0.221117 -0.04667 -4.73821 
68.7 71.1 -2.4 4.8 0.26534 -0.08 -3.31675 
65.7 72.8 -7.1 13 0.718629 -0.23667 -3.03646 
65.7 70.8 -5.1 12.8 0.707573 -0.17 -4.1622 
65.7 70.1 -4.4 12.8 0.707573 -0.14667 -4.82436 
68.8 78.3 -9.5 13.8 0.762852 -0.31667 -2.40901 
69.05 77.9 -8.85 12.2 0.674406 -0.295 -2.28612 
69.3 77.1 -7.8 12.4 0.685462 -0.26 -2.63639 
64.1 68.7 -4.6 9.6 0.53068 -0.15333 -3.46096 
62.3 66.5 -4.2 7.2 0.39801 -0.14 -2.84293 
78 82.4 -4.4 9.8 0.541736 -0.14667 -3.69365 
78.2 81.9 -3.7 9 0.497512 -0.12333 -4.03388 
78.1 81.8 -3.7 9 0.497512 -0.12333 -4.03388 
76.4 78 -1.6 2.8 0.154782 -0.05333 -2.90216 
76.3 79.8 -3.5 2.87 0.158651 -0.11667 -1.35987 
79.6 81.6 -2 4.2 0.232172 -0.06667 -3.48259 
79.6 81.7 -2.1 4 0.221117 -0.07 -3.15881 
     average -3.33558 
       
 
y = -0.0133x - 3.2351 
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